A BS TRACT: Background: Parkinson's disease is characterized by the progressive loss of dopamine neurons in the substantia nigra, leading to severe motor deficits. Although the disease likely begins to develop years before observable motor symptoms, the specific morphological and functional alterations involved are poorly understood. Objectives: MitoPark mice lack the gene coding for mitochondrial transcription factor A specifically in dopamine neurons, which over time produces a progressive decline of neuronal function and related behavior that phenotypically mirrors human parkinsonism. Our previous work identified a progressive decrease in cell capacitance in dopamine neurons from MitoPark mice, possibly suggesting reduced membrane surface area. We therefore sought to identify and quantify somatodendritic parameters in this model across age. Methods: We used whole-cell patch clamp and fluorescent labeling to quantify somatodendritic morphology of single, neurobiotin-filled dopamine neurons in acutely isolated brain slices from MitoPark mice. Results: We found that MitoPark mice exhibit an adultonset, age-dependent reduction of neuritic branching and soma size in dopamine neurons. This decline proceeds similarly in MitoPark mice of both sexes, but does not begin until after the age that early decrements in ion channel physiology and behavior have previously been observed. Conclusions: A progressive and severe decline in somatodendritic morphology occurs prior to cell death, but is not responsible for the subtle decrements observable in the earliest stages of neurodegeneration. This work could help identify the ideal time window for specific treatments to halt disease progression and avert debilitating motor deficits in Parkinson's patients. © 2018 International Parkinson and Movement Disorder Society Key Words: branching; dendrites; in vivo; MitoPark; soma Parkinson's disease (PD) is the second most common neurodegenerative disease and is characterized by severe motor symptoms including rigidity, bradykinesia, and resting tremor.
A BS TRACT: Background: Parkinson's disease is characterized by the progressive loss of dopamine neurons in the substantia nigra, leading to severe motor deficits. Although the disease likely begins to develop years before observable motor symptoms, the specific morphological and functional alterations involved are poorly understood. Objectives: MitoPark mice lack the gene coding for mitochondrial transcription factor A specifically in dopamine neurons, which over time produces a progressive decline of neuronal function and related behavior that phenotypically mirrors human parkinsonism. Our previous work identified a progressive decrease in cell capacitance in dopamine neurons from MitoPark mice, possibly suggesting reduced membrane surface area. We therefore sought to identify and quantify somatodendritic parameters in this model across age. Methods: We used whole-cell patch clamp and fluorescent labeling to quantify somatodendritic morphology of single, neurobiotin-filled dopamine neurons in acutely isolated brain slices from MitoPark mice. Results: We found that MitoPark mice exhibit an adultonset, age-dependent reduction of neuritic branching and soma size in dopamine neurons. This decline proceeds similarly in MitoPark mice of both sexes, but does not begin until after the age that early decrements in ion channel physiology and behavior have previously been observed. Conclusions: A progressive and severe decline in somatodendritic morphology occurs prior to cell death, but is not responsible for the subtle decrements observable in the earliest stages of neurodegeneration. This work could help identify the ideal time window for specific treatments to halt disease progression and avert debilitating motor deficits in Parkinson's patients. © 2018 International Parkinson and Movement Disorder Society Key Words: branching; dendrites; in vivo; MitoPark; soma Parkinson's disease (PD) is the second most common neurodegenerative disease and is characterized by severe motor symptoms including rigidity, bradykinesia, and resting tremor. 1, 2 These decrements are primarily caused by a progressive loss of dopamine neurons within the substantia nigra, [3] [4] [5] with an estimated 50% to 70% of neurons lost prior to overt motor impairment. 6, 7 Current treatments for PD primarily focus on improving motor symptoms, and frustratingly no current therapeutics prevent dopamine cell loss. An understanding of the mechanisms and the time course of progressive cellular decline is critical for developing treatments that halt disease progression before debilitating and life-threatening symptoms emerge.
Although numerous gene-and toxin-based rodent models of PD have been described, 8 MitoPark mice are noteworthy in that they develop an adult-onset, robust parkinsonism that mirrors the slow, progressive course of PD seen in the majority of human Parkinson's patients. 9, 10 Anatomical decline of dopamine neurons in MitoPark mice begins with a decrease of striatal innervation at 12 weeks of age and ends with mass neuronal death by around 30 weeks. [10] [11] [12] MitoPark mice are produced by knocking out the gene for mitochondrial transcription factor A (Tfam) specifically in dopamine neurons and are excellent tools for exploring the structural and functional degeneration of single dopamine neurons in adult animals. 10, 13 Decrements in dopamine neuron function in these mice can be observed prior to both motor deficits [10] [11] [12] and frank cell loss. 10, 14 In addition, dopamine neurons in MitoPark mice display an age-related decrease of cell capacitance and increase of input resistance, 14, 15 which could indicate a progressive decline in somatodendritic membrane surface area.
Although axonal degeneration in PD has been studied in some depth, [16] [17] [18] [19] work investigating somatodendritic degeneration in PD is less extensive. Dendrites are shorter in nigral neurons from postmortem PD patients, 20 and soma volumes are decreased in nigral neuromelanin-containing neurons in postmortem samples when compared with controls of similar age. 21 However, no study to date has quantified in vivo changes in morphology in a progressive animal model of PD, which is a necessary step in determining the sequence of events that occurs throughout degeneration of dopamine neurons.
In this study, we used fluorescent labeling and confocal imaging to quantify the morphological parameters of single nigral dopamine neurons in MitoPark mice throughout the development of parkinsonism. A decline in neurite branching and soma volume emerges at 16 to 20 weeks of age in MitoPark mice, which is later than established decrements in cellular physiology and behavior. These findings provide insight into the timing of morphological degeneration and could help identify targets for therapeutic strategies to slow or halt the progression of PD.
Methods Animals
Male and female MitoPark mice (DAT +/cre × Tfam loxP/loxP ) and littermate controls (DAT +/+ × Tfam loxP/loxP ) were bred as described previously.
14 One control experiment ( Supplementary Fig. 5 ) was performed using 4-monthold C57Bl/6 mice from the National Institute on Aging aged rodent colony. All mice were group housed in ventilated standard shoebox cages with ad libitum access to food and water. Animal rooms were maintained on a reverse 12-hour light/dark cycle (lights off at 9:00 AM) with the temperature held at 26 C. Procedures were in accordance with the Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee at University of Texas Health, San Antonio and the Oklahoma Medical Research Foundation.
Cellular Labeling
Mice aged 12 to 31 weeks were anesthetized with isoflurane and decapitated. 22 The brains were resected and horizontal sections (200-μm thick) containing the substantia nigra were collected using a vibrating microtome (Leica, Wetzlar, Germany). The sections were maintained in artificial CSF + glutamate receptor antagonists (1.3-mM kynurenic acid and 10-μM MK-801) at 34 C, continuously bubbled with 95% O 2 /5% CO 2 . Putative dopamine neurons were identified by location and appearance from the region of highest dopamine neuron density, and electrophysiological data were acquired from each cell. Substantia nigra dopamine neurons have characteristic electrophysiological parameters that are progressively disrupted in aged MitoPark mice 14 ; therefore, the cells were not discarded unless they showed firing characteristics of GABA neurons in this region. Only 1 cell was excluded under these criteria. Neurons were dialyzed using pipettes (2.5-6 MΩ resistance) filled with an intracellular solution containing 0.2% neurobiotin and the following (in mM): 115 K-methylsulfate, 20 NaCl, 1.5 MgCl 2 , 10 HEPES, 10 BAPTA, 2 adenosine triphosphate, and 0.4 guanosine triphosphate, pH 7.35 to 7.40, 267 to 275 mOsm/L. Cell location was largely limited to the medial substantia nigra and is illustrated in Supplementary Figure 1 .
Fluorescent Labeling and Imaging
Anatomical analysis was performed on horizontal sections postfixed in 4% paraformaldehyde. All processing was performed at room temperature. Slices were pretreated with 1% H 2 O 2 for 15 minutes and washed with phosphate buffered saline (PBS). The sections were incubated in a 1:750 dilution of Streptavidin 488 (Abcam, Cambridge, UK) in PBS with 0.3% triton-x for 2 hours. After final washes in PBS, the brain sections were mounted on gelatin-coated slides and cover slips were applied using Prolong Gold antifade reagent (Thermo Fisher Scientific, Waltham, MA, USA).
Z-stacks (2 μm between planes) were obtained using a Zeiss (Oberkochen, Germany) LSM 710 confocal microscope with a 20 × objective. Neurites were traced and soma volume calculated using the z-stacks. A single 2-dimensional image was then created by flattening the 3-dimensional skeleton of each neuron onto a 2-dimensional plane. Two images, one containing the cell body and the other containing the flattened traces, were overlaid to generate final representative images for each neuron. Neurites were traced using ImageJ software (National Institutes of Health, Bethesda, Maryland) plugin Simple Neurite Tracer. 23 The neurite number was counted by hand, and cumulative neurite length and arborization were quantified from the 2-dimensional image. Neurite arborization was specifically quantified via Sholl analysis 24 using the ImageJ Sholl plugin. Graphing and Statistical Analysis Data were analyzed using Prism 7.0 software (GraphPad, La Jolla, California). Data are reported as means with error bars representing standard error of the mean, and values from individual neurons are overlaid as circles or squares. The D'Agostino & Pearson test was used to determine normality in morphological data sets. The Mann-Whitney U test was used to compare genotypes when normality failed in 1 or more groups, otherwise Welch's corrected t-tests were used. Two-way analyses of variance were used for Sholl analysis of arborization, and all groups in that analysis were normally distributed.
Chemicals
Kynurenic acid, MK-801, NaCl, MgCl 2 , HEPES sodium salt, adenosine triphosphate, guanosine triphosphate, triton-x, and normal goat serum were obtained from Sigma-Aldrich (St. Louis, MO, USA). Neurobiotin was obtained from Vector Laboratories (Peterborough, UK). Streptavidin 488 was obtained from Abcam. Kmethylsulfate was obtained from MP Biomedicals (Santa FIG. 1. As age increases, somatodendritic morphology in dopamine neurons from MitoPark mice becomes disrupted. Substantia nigra dopamine neurons from 12-week-old MitoPark mice (A2) exhibited a similar appearance to neurons from littermate controls (A1). In contrast, the number of branches appeared to be reduced in 16-20-week old MitoPark mice (B2 vs B1). Furthermore, branch number and length as well as soma size were dramatically reduced in 27-to 31-week-old MitoPark mice (C2 vs C1). Neurons from control mice exhibited consistent morphology throughout all age groups.
Ana, CA, USA). BAPTA tetrapotassium salt, 10X PBS, and ProLong Gold antifade mountant were obtained from Thermo Fisher Scientific.
Results
We used whole-cell patch clamp to dialyze individual substantia nigra dopamine neurons with neurobiotin tracer and enable an analysis of somatodendritic morphology in the brain slices from MitoPark mice and littermate controls. Based on the MitoPark literature, data were collected from mice at ages that roughly corresponded to predominately asymptomatic (12 weeks), early locomotor impairment (16-20 weeks) , and severe locomotor impairment (27-31 weeks) . Similar to previously published findings, 14, 15 dopamine neurons from MitoPark mice exhibited higher input resistance, as well as a lower cell capacitance that reached statistical significance by 16 to 20 weeks (Supplementary Fig. 2 ). Cellular morphology appeared unaffected in 12-week-old MitoPark mice (Fig. 1A) . However, cell branching appeared to be reduced by 16 to 20 weeks of age (Fig. 1B) , and somatic and dendritic morphology was dramatically altered in 27-to 31-week-old MitoPark mice (Fig. 1C) when compared with age-matched littermate controls.
We next sought to quantify deficits in somatodendritic morphology of dopamine neurons using multiple methods of analysis. Dopamine neurons from 12-weekold MitoPark mice exhibited a similar number of neurites as age-matched littermate controls (P = .895; Fig. 2A ). Cumulative neurite length was also not significantly different between genotypes at 12 weeks (P = .690; Fig. 2B ). Sholl analysis was next used to explore neurite arborization with greater precision. Using flattened 2-dimensional skeletons containing neurite traces, ImageJ software was used to create a series of concentric circles 20-μm apart starting from the soma center and extending up to 200 μm (Fig. 2C) . When the number of FIG. 2. Dopamine neurons from MitoPark mice exhibit normal morphology at 12 weeks of age. Morphological parameters were quantified for individual dopamine neurons from 12-week-old male (blue circles) and female (pink squares) MitoPark mice and littermate controls. Neurite number (A) and cumulative neurite length (B) were not different between genotypes. Sholl analysis was performed by digitally drawing concentric circles at 20-μm intervals around the soma and counting neurite intersections (C). The number of intersections did not vary between genotypes (D). Soma size (E) was estimated by measuring the two-dimensional area through multiple z-planes. Soma volumes were not significantly different in MitoPark mice at this age (F).
circle-neurite intersections was analyzed in neurons from 12-week-old mice, there was no main effect of genotype (F 1,32 = 0.473, P = .497) and no distance-genotype interaction (F 9,288 = 0.228, P = .990; Fig. 2D ). We next estimated soma volume by measuring the area of the soma in each plane within a z-stack and then multiplying by the distance between each plane of the stack. Somas from 12-week-old MitoPark mice appeared similar to those from age-matched littermate controls (Fig. 2E) , consistent with the quantitative analysis of multiple neurons (P = .146; Fig. 2F ). Overall, these data indicate that somatodendritic morphology of dopamine neurons was unaltered in 12-week-old MitoPark mice.
We next compared dopamine neurons from mice that were 16 to 20 weeks of age, which is when locomotor decrements become more evident but the mice are still predominantly healthy. In this age range, neurite number was reduced in MitoPark mice when compared with littermate controls (P = .0011; Fig. 3A) , as was cumulative neurite length (P = .0006; Fig. 3B ). Sholl analysis indicated that neurite arbors were less extensive in MitoPark mice (F 1,71 = 12.4, P = .0007) with no genotype-distance interaction (F 9,639 = 0.817, P = .601; Fig. 3C ). Soma volume was also reduced in neurons from 16-to 20-week-old MitoPark mice (P = .0016; Fig. 3D ). Together these data indicate that neurite number and branching as well as somatic morphology are significantly impaired by 16 to 20 weeks of age in MitoPark mice.
We then compared the morphology of dopamine neurons from 27-to 31-week-old MitoPark mice, an age at which dopamine neuron loss is severe and the mice have lost weight and appear in poor health. 10 Indeed, despite our extensive experience performing patch clamp in the substantia nigra of aged mice, 14, 26 dopamine neurons were few in number and difficult to successfully patch in the MitoPark group. Regardless of the limited sample size, dopamine neurons from MitoPark mice exhibited a clear reduction in neurite number (P < .0001; Fig. 4A ) and cumulative neurite length (P < .0001; Fig. 4B ) when compared with age-matched littermate controls. Sholl analysis indicated a reduction in neurite arborization (F 1,43 = 27.8, P < .0001), with a significant genotype-distance interaction (F 9,387 = 6.34, P < .0001; Fig. 4C ). In addition, neurite branching in the dopamine neurons from 27-to 31-week-old MitoPark mice did not increase 20 to 60 μm from the soma, as indicated by a significant genotype-distance interaction specifically within that range (F 1,86 = 13.24, P = .0001). Finally, soma volume was also dramatically reduced in the neurons from MitoPark mice (P < .0001; Fig. 4D ). Together these data indicate that, in addition to substantial death of dopamine neurons that has occurred in MitoPark mice by 27 to 31 weeks, the neurons that are still alive exhibit a severe impairment in somatodendritic morphology.
To further explore the data we next analyzed morphology based on anatomical location. Cells were segregated into two separate analyses. All cells were divided along both dorsal-ventral and medial-lateral planes, with the caveat that the cells were all located in the medial substantia nigra 27 (see Supplementary Fig. 1 ). As expected, morphology across anatomical location was consistent at 12 weeks and universally disrupted in 27-to 31-week-old MitoPark mice (not shown). An analysis of 16-to 20-week-old mice indicated that neurites from lateral cells may be more susceptible to damage than medial cells (Supplementary Fig. 3 ). Furthermore, there appeared to be a group of ventromedial neurons with large somas that were not present in MitoPark mice at this age.
We next explored the relationship between electrophysiological and cellular parameters from the oldest and youngest groups. As expected, morphological parameters generally showed a negative correlation with input resistance and a positive correlation with cell capacitance (Table 1) . Soma size exhibited a strong positive association with H-current amplitude. When broken apart by genotype, neurons from the control mice showed a negative association between input resistance and neuritic parameters that was not present in MitoPark mice. In contrast, altered soma volumes were associated with all 3 physiological parameters in neurons from MitoPark mice.
Although not the primary goal of the study, we next determined if decrements in dopamine neuron morphology in MitoPark mice proceeded similarly between sexes by analyzing Sholl analysis/intersection data ( Supplementary  Fig. 4 ). As expected, there was no significant effect of genotype on neurite arborization at 12 weeks of age in either males or females. In contrast, by 16 to 20 weeks, significant arborization deficits were evident in both males (F 1,45 = 4.74, P = .0348) and females (F 1,24 = 7.70, P = .0105). Similarly, by 27 to 31 weeks, dopamine neurons from males exhibited severe deficits in arborization (F 1,39 = 15.66, P = .0003), whereas in females this analysis was not significant, likely because of the small sample size in the MitoPark group (F 1,2 = 16.2, P = .0567). Overall, these data indicate no obvious effect of sex on the decline of neuritic branching in dopamine neurons from MitoPark mice. In an independent experiment, we also observed no difference in dopamine neuron morphology between 4-month-old male and female wild-type C57Bl/6 mice ( Supplementary Fig. 5 ). Our interpretation at this time is that there is no convincing effect of sex on dopamine neuron morphology in MitoPark mice and/or control mice at any age tested.
Discussion
Wholesale loss of substantia nigra dopamine neurons is a cardinal pathophysiological finding in PD and is responsible for the motor symptoms of the disease. 3, 4 Diagnosis often occurs with the appearance of overt motor impairment, when dopamine neuron loss reaches 50% to 70%. 6, 7 This suggests that compensatory mechanisms may mask disease pathology for years before diagnosis 28 and may even contribute to the disease process itself. Current PD treatments do not alter disease progression but primarily focus on the relief of symptomatology. Establishing novel disease-modifying treatments will first require a better knowledge of the anatomical and pathophysiological changes that occur in the early stages of PD.
Of the models currently available for PD studies in rodents, MitoPark mice are particularly well-suited for studying dopamine neurons at multiple time points during the neurodegenerative process. MitoPark mice were engineered to lack the Tfam gene specifically in dopamine neurons, which is vitally important for mitochondrial function and cell health. 10, 13 Behaviorally, MitoPark mice exhibit an adult onset and progressive phenotype similar to PD in humans but on the timescale of a mouse's life. 10 The MitoPark model faithfully recapitulates most of the key characteristics of PD including age-dependent loss of dopamine neurons, motor impairment, development of inclusion bodies, and positive response to L-dopa treatment that worsens with time. [10] [11] [12] Models of parkinsonism based on neurotoxins (such as 6-hydroxydopamine and MPTP) develop neuronal degeneration much faster than the progression of the disease in humans, thus obscuring the contribution of putative compensatory processes that may eventually become part of the pathophysiology of the disease. Similarly, models of PD based on human genetic studies, broadly speaking, have not been as effective at mimicking the mass neurodegeneration of dopamine neurons and motor arrestment associated with the human condition. Thus, the MitoPark mouse model is comparably suited for delineating the sequence of cellular events that occurs in the early stages of neurodegeneration.
Morphology in Relation to Physiology and Behavior
Our findings demonstrate a striking, progressive decline in neurite count, neurite length, and soma volume in MitoPark mice, beginning sometime between 12 and 20 weeks of age and becoming severe by 27 to 31 weeks. Alterations in somatic and dendritic structure are likely to have direct effects on dopamine-dependent motor function and reward learning. In these neurons, dendrites serve important roles as sites for synaptic termination and contribute to many determinants of cell excitability. 29, 30 Voltage-gated ion channels distributed throughout the somatodendritic compartment directly determine intrinsic firing, which is thought to maintain extracellular dopamine levels that are crucial for voluntary movement. 31, 32 In addition, dopamine neurons communicate with each other through somatodendritic dopamine release and dendrodendritic neurotransmission. 33, 34 The timing of the appearance of morphological deficits is coincident with a disruption of basal physiological parameters in MitoPark mice, including decreasing cell capacitance (an indirect measure of membrane surface area), elevated input resistance, and decreased spike width 14 as well as increasing size of intracellular protein aggregates. 10 Although synaptic input to dopamine neurons has not been extensively studied in MitoPark mice, our previous work suggests that dopamine release and receptor signaling are both disrupted prior to the appearance of morphological deficits.
14 Behaviorally, 12 to 20 weeks of age in MitoPark mice is associated with decreased acoustic startle (i.e., enhanced prepulse inhibition 35 as well as decreased body weight. 12 This age range is also associated with altered ion channel gene expression that is consistent with an adaptive mechanism to increase cell excitability in the face of declining dopamine function. 14 This study is, to our knowledge, the first to quantify in vivo decrements in dopamine neuron morphology by filling single cells in brain slices acutely isolated from a progressive model of PD. The findings are consistent with previous work suggesting a role for somatodendritic morphology in the development of parkinsonian syndromes. For example, dendrites from nonidentified substantia nigra neurons appear to be shorter in postmortem tissue from PD patients. 20 Diffusion tensor imaging indicates that fractional anisotropy is reduced in the substantia nigra during the early stages of PD, 36 which could indicate a reduced dendritic arbor. 37 Reduced soma volumes have also been reported in PD patients. 21 In rodents, the overexpression of alpha-synuclein, which is believed to have a major role in Parkinson's development, 38, 39 initially reduces neurite length within cultured midbrain dopamine neurons while somas remained unaffected. 40 Similarly, rats injected with a viral vector driving overexpression of alpha-synuclein exhibit widespread loss of dopaminergic dendrites while cell bodies are only mildly affected. 41 Mutated leucine-rich repeat kinase 2, also thought to play a role in certain types of PD, disrupts neuronal branching in cultured cells in an autophagy-dependent manner. [42] [43] [44] Toxin-based models of PD also exhibit reductions of neurite length and branching in nigral dopamine cells, as quantified from midbrain cultures. 45, 46 In the current study, the raw numbers obtained for neurite number and branching were almost certainly underestimates because of the limited thickness (200 μm) of our midbrain slices. However, these measurements of dopamine neuron morphology allow a straightforward interpretation of the time course of neuronal decline in vivo and the degree to which it proceeds in the presence of neuroprotective elements such as vasculature, extracellular matrices, and glia. Our findings demonstrate that dendritic branching and soma size, although intact in dopamine neurons from 12-week-old MitoPark mice, are progressively and severely disrupted in a manner that undoubtedly impairs cellular function in advance of neuronal death.
A secondary aim of this study was to analyze possible sex differences within the MitoPark model, as PD afflicts human males more predominately than females. 47, 48 Although evidence from toxin models indicates a greater loss of nigral dopamine neurons in males, [49] [50] [51] sex differences have not been extensively studied in MitoPark mice. Overall, the results indicate that the decline in somatodendritic morphology in MitoPark mice proceeds similarly in both sexes. This complements the previously published claim that 8-to 12-week-old MitoPark mice do not exhibit sex differences in regard to various motor and cognitive tasks. 12 
Mitochondrial Mechanisms of Neurodegeneration
The current findings could provide insight into how dopamine neurons degenerate when faced with mitochondrial/energetic impairment. Dopamine neurons are autonomous pacemakers whose firing is associated with large intracellular calcium oscillations. 52 The large energetic demand along with dopamine metabolism generate high basal levels of reactive oxygen species, suggesting that added oxidative stress from mitochondrial dysfunction could be especially damaging. [53] [54] [55] Indeed, dopamine neurons from MitoPark mice exhibit increased markers of oxidative stress as well as altered morphology in nigral microglia indicative of neuroinflammation. 56 Furthermore, dopamine neurons in MitoPark mice exhibit structurally altered mitochondria that are associated with the intracellular protein aggregates observed with this model. 10 Tfam is necessary for transcription initiation at mitochondrial promoters, 57 and its ablation leads to mitochondrial respiratory chain failure through the disruption of mitochondrial DNA. 13, [58] [59] [60] [61] Growing evidence suggests that mitochondria could represent a crucial crossroad in PD pathogenesis, as many genes implicated in familial forms of PD also regulate mitochondrial function. [62] [63] [64] Moreover, mitochondrial respiratory chain dysfunction in dopamine neurons appears to be a convergence point for most if not all rodent models of PD. 55, 65, 66 The initial locomotor deficits and disruption of ion channel physiology in dopamine neurons precede the morphological decrements observed in MitoPark mice, suggesting that mitochondrial impairment could produce physiological deficits prior to anatomical degeneration. We observed no significant effect of genotype on morphological measures in dopamine neurons from 12-week-old mice; however, the first mild locomotor decrements are already observable at this age, 12 and in one study were observed as early as 8 weeks. 35 Furthermore, MitoPark mice also exhibit impaired learning in an escape task and a decline in novel object recognition prior to 12 weeks of age. 12 This suggests that frank morphological alterations in the somatodendritic compartment may not be involved in the initial motor and cognitive impairments. Indeed, previous work suggests that neurodegeneration of dopamine neurons in PD likely begins at axonal terminals of the caudate/putamen and progresses caudally back to the cell bodies, sometimes referred to as "dying back." [67] [68] [69] In MitoPark mice, dopamine neurons exhibit the beginnings of both elevated input resistance and mildly decreased cell capacitance at this age as well as deficits in both striatal innervation and evoked dopamine release. 10, 14, 15 However, decrements in somatodendritic ion channel and synaptic physiology can also be observed prior to 12 weeks, including decreased pacemaker firing fidelity, H-current, amphetamine-induced dopamine efflux, and synaptic transmission mediated by dendritic release of endogenous dopamine. 14, 15 This suggests that physiological determinants of neuronal excitability, driven by both intrinsic conductances and synaptic transmission, could be responsible for the subtle, initial decrements in behavior seen prior to 16 weeks in MitoPark mice. Thus, morphological decline could represent an effect of mitochondrial impairment that is more resistant to insults than neuronal excitability.
In summary, we have shown that the somatodendritic compartment in substantia nigra dopamine neurons from MitoPark mice exhibits a progressive decline in morphological parameters that follows the initial decrements in ion channel physiology but precedes widespread neuronal death. This decline progresses at similar rates in both sexes and is concurrent with many of the published physiological and behavioral observations of this model. This work could help identify specific therapeutic treatments as well as an ideal time window to target initial nigral dopamine degeneration to avert the debilitating motor impairments that are a hallmark of PD.
